Abstract. We measured the ballistic performance offive ceramic materials (alumina, silicon carbide, boron carbide, aluminum nitride, and titanium diboride) and Pyrex, when they are backed by thick steel plates. The projectile for all tests was a rightcircular cylinder of tungsten sinter-alloy W2 with length 25.4 mm and diameter 6.35 mm,j%ed at velocitiesfrom 2.35 to 2.65 km/s. For this threat we determined the minimum area1 density of each material that is needed to keep the projectilefrom penetrating the backup steel. For all of the facing materials studied here, this performance measure increases approximately linearly with projectile velocity. However, the rate of increase is significantly lower for aluminum nitride than for the other materials studied. Indeed, aluminum nitride is a poor performer at the lowest velocity tested, but is clearly the best at the highest velocity. Our computer simulations show the significant influence of the backing material on ceramic performance, manifested by a transition region extending two projectile diameters upstreamfrom the material interface. Experiments with multiple material layers show that this inJuence also manifests itself through a significant dependence of ballistic performance on the ordering of the material layers.
Introduction
Ceramics, when used appropriately, can stop a variety of projectiles with less weight per unit area than ballistic steel. The design of ceramic composite armor to stop projectiles and the design of laboratory targets to examine the ballistic behavior of ceramic materials is complicated by the characteristic properties of ceramics --strength in compression and weakness in tension. In the late 60's and .-early 70's, Wilkins and colleaguesr-5 demonstrated that both properties are important to the defeat of small caliber (7.6 mm) armor-piercing projectiles, and.
that no single property would correlate ballistic performance for all scenarios.
His observations explained why different laboratory targets, which are intended to examine ceramic behavior and which may weight tensile and compressive behavior differently, can produce different rankings among the candidate facing materials. The implication is that one who wishes to measure the ballistic performance of ceramics needs to consciously select a target configuration and projectile combination that tests the particular properties of interest.
For the study reported here, we chose a target configuration that is simple, and that tests the behavior of a facing material when it is well-supported by thick ballistic steel. This eliminates the complex influence of back-plate flexure on ceramic performance.
The projectile chosen is not intended to mimic any specific fielded projectile.
It has an aspect ratio (L/D, where L is the projectile length and D is the projectile diameter) of 4, which is intermediate between short projectiles and long rods. It exhibits features of both long rods (quasi-steady penetration) and short projectiles (unsteady end-of-penetration described by Wilkins and Reaugh6) With this choice, we were able to defeat the projectile in the velocity range of interest with tile thicknesses of less than about half the lateral dimensions of the tiles available to us.
Experimental Procedure
Our targets consisted of square tiles of facing material, 102 mm on a side, .
bonded onto the face of square steel backup plates, 152 mm on a side and 64 mm thick. A photograph of a typical target is shown in Fig. 1 . The ceramic tiles were supplied by Dow Chemical Corporation. The Pyrex was of commercial grade.
Densities and sound velocities of the facing materials are given in Table 1 . We chose 4340 steel hardened to Rc35 as our backing material. This steel was chosen over rolled homogeneous armor (RI-IA) because of the variability in mechanical properties that we have experienced in RI-IA in the past. The measured harnesses of our steel backing plates varied from Rc33 to Rc37. The other mechanical properties of the backing steel are given in Appendix A. We expect that the performance of the ceramic facings on this steel will be the same as on RHA. In preparation for target assembly, one side of each steel backup plate was milled lightly to insure a flat, clean and slightly roughened mounting surface. Tile surfaces to be bonded were ground flat and parallel to a tolerance of less than 0.03 mm. Surfaces to be bonded were cleaned with hexane to'remove any traces of grease. To insure optimal bonding strength the steel block and ceramic tiles to be assembled were heated to approximately 40" C using infrared lamps.
The components of the adhesive, Stycast 1266, were carefully weighed, mixed, and applied to the prepared surfaces. The tiles were then placed on the center of the backup plates. In some cases a single tile was used to produce a target. In .
others, several tiles were stacked to yield the required facing thickness. Thirty pound weights were placed on top of the tiles being glued to insure a minimal, adhesive layer thickness between the surfaces. The assemblies were then allowed to cure for 24 hours before they were handled.
The projectile was a right circular cylinder, D=6.35 mm, and L=25.4 mm of tungsten sinter-alloy W2, manufactured by GTE. The manufacturer's technical specifications for the mechanical properties of W2 are given in Table 2 .
Our experiments were performed at three nominal velocities: 1.35,1.75, and 2.6 km/s. The experiments at 1.35 and 1.75 km/s were performed using a 14.5
mm powder gun and a 23 mm powder gun respectively, at the Lawrence Livermore National Laboratory (LLNL) ballistic range facility. The LLNL twostage light gas gun was used to accelerate the projectiles for the 2.6 km/s experiments. The shots at 1.35 km/s were fired into air at 1 atmosphere. In the other shots, the projectiles were fired into a vacuum of about 1 Tor. The sabot assembly was stripped from the projectile by a block of low-density foam. A photograph of a projectile, launch packages, a stripper and cover plate for the 14.5 mm and 23 mm guns is shown in Fig. 2 . Flash x-rays were used to determine tilt and projectile velocity, as well as to verify that the sabot assembly had been separated from the projectile. Average projectile tilt for a representative sample of experiments was less than 2 degrees. Any tilt greater than 4 degrees was considered excessive and the experiment was repeated. The depth of penetration into the steel backup plate, normal to the impact surface, P,, was used as a performance measure for each shot. Two methods were used for measuring Pb. The first consisted of measuring the perpendicular distance form the upper surface of the block to the bottom of the crater using a micrometer depth gauge. An inverted U-shaped spacer was employed to straddle the distorted region around the crater opening and to facilitate referencing to the undistorted region of the front face. After measuring the distance from the top of the spacer to the bottom of the crater, the spacer thickness was subtracted to give the hole depth. The end of the depth gauge used is flat with a diameter of 3.2 mm. If the crater was too deep for the first method, or if it were suspected that significant amounts of residual penetrator was present at the bottom of the crater, the steel block was sectioned. Normal depth of penetration was then determined by using a caliper to measure the distance from the deepest point of the projectile penetration to the rear surface of the backup plate and subtracting that value from the (undistorted) backup plate thickness.
Experimental results
Our measured values of P, are given in Appendix A. Since we measured the penetration depth into the backup plate as a function of facing thickness, we can estimate the minimum facing thickness necessary to prevent penetration of the backup plate, A*. To this end, we performed a linear regression fit of P, as a function of facing thickness for each material at each nominal velocity. The fit can then be used to solve for A". The results are given in Table 3 , and plotted in Fig. 3 .
In that figure we see that the limiting area1 density for each ceramic increases approximately linearly with velocity, and that the various ceramics have different rates of increase. In particular, the limiting area1 density of aluminum nitride has the slowest increase with velocity of all the materials tested. As a consequence, it is the best of the ceramics tested at high velocity, i.e. requires the least area1 density to stop the projectile. We wondered whether stacking several facing plates to obtain a desired thickness would give a different result in our experiments than if the facing had been a single plate of the same thickness as the total. In order to investigate this question, we repeated the silicon carbide shot at 1.75 km/s with 20 mm of facing.
In the original shot, we used a single 20 mm thick tile as facing, and in the second, we stacked two 10 mm plates. The difference in the results was insignificant.
Our simulations, discussed below, suggested that if two layers of different facing materials are used over the steel backup plate, then the order in which they occur might strongly influence their performance. In order to see if this is so, we performed a series of experiments in which titanium diboride plates were used in combination with Pyrex and with AD96 plates. In each case, shots were performed with the TiB, next to the steel and then again, with the TiB, on the front face. The results of these experiments are given in Table 4 . They show a strong dependence on the ordering of the facing materials.
For example, the first pair of experiments in Table 4 performance worse than either of the materials used alone. On the other hand, with TiB, outside, ate area1 density penetrated was 13.4 g/cc, which is better than Pyrex alone and somewhat worse than TiB, alone. Finally, we used a thin layer of TiB, over Pyrex and again found that the performance was degraded. Here, the projectile penetrated 17.9 g/cc, about the same as for Pyrex alone.
Computer Simulations
We performed computer simulations of some of the experiments using GLO, a two-dimensional multi-material Eulerian finite-difference code under development at LLNL. The material parameters used to model the 4340 steel backing are those for Rc35 steel given in Appendix B.
Simulations with Pyrex
We selected Pyrex as the first tile material for the simulations. Previous experimental results suggested that the Pyrex fractures and breaks early in the penetration event, and so could be modeled as a broken material throughout the penetration event.
By assuming this, we achieve a significant simplification in the task of modeling ceramics numerically. The reason is that the change in the state from intact to broken is accompanied by a significant reduction in the magnitude of stress, whether fracture takes place in compression or tension. The resulting release of strain energy is propagated through the system with amplitude and period that are proportional to the finite-difference zone size. This numerical noise will, if the zone size is too large, be of sufficient amplitude to trigger the fracture of nearby zones. In contrast, when the material is in a single state (for Pyrex, always broken) the numerical solution is smooth.
The behavior of broken, hard materials is described by the Mohr-Coulomb We show the velocity at the projectile nose and tail as a function of the nose position in Fig. 6 . There is a noticeable change in the nose (interface) velocity from the value characteristic of Pyrex to the value characteristic of steel over a distance in Pyrex that is approximately two projectile diameters. When we repeated the calculations, replacing the steel backup with aluminum and with tungsten, the transition region had the same two-diameter thickness, but with the final interface velocity being characteristic of aluminum or tungsten as can be seen in Fig. 7 . This transition region has a significant effect on the differential efficiency of Pyrex, even when scaled to steel for all cases (Table 5 .)
Simulations with Aluminum Nitride
The experimental results with aluminum nitride sufficiently intrigued us that we sought to model those experiments as well. Heard and ClineQ showed a transition from brittle to ductile failure in quasi-static triaxial compression tests when the confining stress o2 = o3 exceeded 6 kbar (pressure about 20 kbar). This suggested to use that perhaps at the highest velocity experiments, the mean where pr, is the backing metal density, pc the tile density, and A the tile thickness.. c The differential efficiency scaled to steel, Q, is given by
where ps is the density of steel and P, the penetration in steel alone. stress in aluminum nitride was sufficiently large that the material was ductile, even at the strain rates of the impact test (105/s). We fit the quasi-static data12 by an extended von Mises surface Y = f(P), and estimated the strength at the Hugoniot elastic limit to be 68 kbar, as shown in Fig. 8 . Figure 9 shows the interpolated/extrapolated experimental penetration in the backup steel as a function of velocity for a 20 mm tile of AlN, together with calculations using the intact strength and the broken strength, where the value of a for broken AlN was arbitrarily taken to be the same value as was used for glass (Fig. 8) .
From these results, it is our assessment that AlN is behaving substantially like a broken material at the lower two velocities, although we cannot rule out the possibility that there is a short time when the material retains its intact strength.
In any event it is apparent that the calculations using the intact strength of AlN are incorrect at the lower two velocities.
When we examine detailed results of the two lower-velocity calculations that 
Concluding remarks
Our experimental results show that titanium diboride, boron carbide, and . . We present the experimental results for the normal residual penetration of a 6.35-mm diameter by 25.4-mm long tungsten projectile into the back-up steel. In the table below, the tile thickness, A, is in mm, the projectile velocity, V, is in km/s, the obliquity, 8, in degrees between the flight axis and the normal to the tile. The penetration normal to the steel surface, I', , is in mm. where Y is the equivalent stress, and EP is the equivalent plastic strain. The fitted parameters are given in Table Bl . 
